In the present study, ZnS nanoparticles were prepared using the mechanochemical method. The ZnS nanoparticles prepared were doped with different concentrations of manganese using metal acetate and manganese acetate by mechanochemical method. The as-prepared particles were characterized using X-ray diffraction (XRD) and transmission electron microscopy (TEM). The photocatalytic activity of the prepared nanoparticles samples, in the photocatalytic degradation of malachite green, had been investigated. The nanoparticles were photo induced, generating hole transfer for photocatalytic activity. The photodegradation of malachite green was observed at different pH (2-5) values, dye concentrations (10-100mg/L) and amount of ZnS nanoparticles (1-2.5 g/L). About 95% degradation of dye was observed on the addition of 2 g/L ZnS in 50 mg/L dye solution after 90 minutes illumination at 125 W. Degradation has been increased up to 99% using UV/nanoparticles/H 2 O 2 (50 mL/L) combined process. The degradation effi ciency was also compared using Mn doped ZnS nanoparticles (Zn 1-x Mn x S, where x = 0.01, 0.22 and 0.3). Maximum of 97% degradation was observed with 0.01% concentration of Mn. Kinetics study and performance of UV/ZnS, UV/ZnS/H 2 O 2 , UV/doped ZnS processes were evaluated to compare the effi ciency of different processes.
INTRODUCTION
At present, a large part of pollution in the public water systems is caused by the industries. Among the chemical contaminants, dyes and dyes intermediates, surfactants and some traces of metals are the objects of major interest in the preservation of the environment. About 10-15% of all the dyes are directly lost to wastewater in the dyeing process. Thus, the wastewater must be treated before releasing it into the natural environment
1-2
. These dyes create serious environmental hazards and pollution by releasing toxic and potential carcinogenic substances into the aqueous phase 3-5 . Various chemical and physical processes, such as chemical precipitation, coagulation, electrocoagulation, adsorption, air stripping, fl occulation, ozonation, chlorination, ultrafi ltration, reverse osmosis, etc., are applied for colour removal from textile effl uents. But these processes lead to non-biodegradable contaminations which give rise to new types of pollutants and need to be further treated 3-4,6-7 . One such textile effl uent is malachite green (MG). Several research works have been reported for MG degradation, using biosorption onto wheat bran, hen feathers and micro algae cosmarium sp.
8-10 , ultrasonic irradiation 11 , and sunlight irradiation 12 . But, recently advanced oxidation processes (AOPs) have emerged as promising option for the removal of MG from wastewaters. In the AOPs complete organic matter mineralization can be achieved. The variety of AOPs comes from the fact that there are many ways for hydroxyl radical production. Above all, it should be taken into account that these AOPs are brought into use with the application of semiconductors, light and some reactants, viz., H 2 O 2 , UV and/or O 3 , etc
13
. In photocatalysis process, under UV irradiation, semiconductor particles absorb photon of light more energetic than its band gap. In this circumstance, the electrons in semiconductor materials get excited from the valence band to conduction band and generate charge carriers (electrons/holes). These charge carriers (holes) are responsible for the oxidation and formation of hydroxyl radicals 14 . The hydroxyl radical possesses inherent properties that enable it to attack refractory organic pollutants in water to possibly obtain a complete mineralization 15 . Compared to other semiconductor photocatalysts, TiO 2 has so far been shown to be the most promising material used for both fundamental research and practical applications because it is highly photoreactive, cheap, non-toxic, chemically and biologically inert, and photostable 16 . Metal sulfi des are visible light responsive photocatalysts because valence band of the metal sulfi des consists of 3p orbital of S, which results in a more occupied valence band and narrower band gap as compared to metal oxides. In many studies metal sulfi des like ZnS and CdS have been focused as photocatalysts 17- 19 . Zinc sulphide is one of the semiconductor nanomaterials that can be used for the production of optical sensitizers, photocatalysts, electroluminescent materials, optical sensors and for solar energy conversion 20 . In the present work degradation of malachite green dye was studied using doped and undoped ZnS nanoparticles with the combination of different processes, viz., UV/ ZnS, UV/ZnS/H 2 O 2 and UV/doped ZnS. The effects of the operating parameters, like pH, catalyst loading and initial dye concentration on degradation rate were also evaluated. Finally, kinetics study was also performed by varying operating conditions of the system.
EXPERIMENTAL

Materials and methods
Zinc acetate and manganese acetate (S.D. Fine Chemicals, Mumbai, India), sodium sulfi de (Loba Chemicals, Mumbai, India) and malachite green (Himedia, Mumbai, India) of analytical grade were directly used without further purifi cation. Hydrogen peroxide (30%w/w), NaOH and HCl were purchased from S.D. Fine Chemicals, Mumbai, India. The solutions were prepared by dissolving the requisite amount of dye in double distilled water for each experiment.
Testing equipment
The powder X-ray diffraction (XRD) analysis was made using diffractometer X'Pert (Philips, The Netherlands) with CuKα radiation (λ=1.5418 Å). The morphology of ZnS nanoparticles was observed by transmission electron microscopy (TEM) using a transmission electron microscope (Technai-20, 200KV, Phillips, The Netherlands). The absorption spectra were analyzed at different time intervals using a UV-Vis spectrophotometer (HACH, Germany). The effect of pH was measured using a pH meter NIG 334 (Biocraft, India).
Synthesis of undoped ZnS and Mn doped ZnS photocatalyst
ZnS nanoparticles were synthesized by mechanochemical process using zinc acetate and sodium sulfi de in molar ratio of 1.2:1 21- 22 . The reactants were placed inside a tungsten carbide bowl under high purity air atmosphere in a planetary ball mill (FRITSCH's "Pulverisette 6", Germany) for a period of 8h. The milling speed was set at 350 rpm with steel balls (diameter = 1mm). The obtained ZnS nanoparticles were washed 3-4 times with distilled water, then water soluble sodium acetate and excess metal acetate were decanted. The particles were then dried and characterized. Similarly, zinc acetate and manganese acetate mixtures (different proportions) were used to synthesize Mn-doped ZnS by mechanochemical process.
Photocatalytic degradation experiments
The photocatalytic degradation experiments were performed in a cylindrical quartz glass reactor of 250mL. The UV irradiation was achieved through quartz by using UV lamp of 125W (medium pressure lamp), which was provided with cooling water. The reactor was fi lled with the dye solution placed between the reactor walls and UV lamp system. The effect of dye adsorption was studied by adjusting pH in the range 2-5 by adding appropriate amount of HCl and/or NaOH in a series of experiments. The adsorption of dye on the photocatalyst was allowed for fi xed time (30 minutes) in dark environment with a continuous stirring so that no degradation would take place before UV irradiation. The photocatalyst of 1 g/L was freely suspended and the dye solution (25g/L) was stirred with UV irradiation for 90 minutes to study the effect of pH in the range 2-5. Initially the pH was optimized and the remaining experiments were performed to study the effects of dye concentration, catalyst dosing and volume of hydrogen peroxide. The initial sample at time zero was taken when the light source was switched on along with water pumping. Samples from the reactor were taken at every 15 minutes and analyzed immediately to avoid any further reaction. The concentration change in dye was observed using the spectrophotometer.
Mechanism for photocatalytic degradation
The photocatalytic process is initiated by the illumination of semiconductor photocatalyst using high energy photon of UV irradiation. These photons have energy greater than band gap energy of semiconductor photocatalyst. This generates electrons and holes from conduction and valence band. The degradation mechanism is explained below:
RESULTS AND DISCUSSION
Characterization of photocatalyst
The undoped and Mn-doped ZnS photocatalysts prepared by mechanochemical method were characterized using XRD. The XRD analysis shown in Fig. 1(a) revealed hexagonal wurzite α-ZnS (JCPDS 72-0163) together with cubic spherelite β-ZnS (JCPDS 5-0566) as the only products of mechanochemical synthesis. Thus, the crystal was polymorph of zinc blend as XRD pattern also had few peaks of wurtzite. The coexistence of both phases was also reported in literature 23, 24 , which indicated phase transformation as the consequence of the motion of dislocations in the activated solid state. The spectra were matched for various diffraction peaks at 2θ values of 29 (220) and (311), respectively, for cubic ZnS. It was found that the peaks at higher angles matched with wurtzite phase. The observations showed that the intensities of the peaks steadily became weaker (except at 2θ= 29.03 o ) with increasing 2θ angle and also the major intense peaks were wider and the broad hump (and therefore large FWHM) suggested that the synthesized materials were nanocrystalline in nature with very small particle size. Hence, the average particle size was calculated using Scherrer formula 25 and it was found to be 4.79nm, which is in consistence with TEM image (Fig. 2) . The XRD patterns shown in Fig. 1(b,c,d ) of the ZnS:Mn nanocrystals showed very broad diffraction peaks (at 2θ values of 35.734°, 36.375° and 35.953) with increasing concentration of manganese (Zn 1-x Mn x S, where x= 0.01, 0.22 and 0.3, respectively), which was the characteristic of nanosized material. For all the samples, the three main diffraction peak positions correspond to the lattice planes of (111), (220) and (311) were matching the cubic zinc blend ZnS structure (JCPDS No: 05-0566).
positively charged and hence attracted the negatively charged dye solution. But at pH>4, (i.e., at pH=5) the photocatalytic degradation was found to decrease. This was because at pH>4, the dye uptake was high and there was a complete coverage of the catalyst surface by dye molecules, which made the catalyst surface slightly anionic/negatively charged. Such a strong adsorption of dye molecules led to a major decrease of the active sites and consequently a decrease in the absorbed light on the catalyst's surface, which lead to decrease in degradation rate 28 . This prohibited the adsorption of H 2 O or OH -on the surface and inhibited the initial process of formation of the reactive hydroxyl radicals responsible for degradation. Thus, the surface charge on photocatalyst affected the degradation reaction when it was positive. A similar trend of dye adsorption in acidic medium was observed by Mittal 26 at pH=5. After a particular pH, the net charge on semiconductor surface became zero and was called point of zero discharge (pzc). Gandhi et al. 29 also observed maximum degradation of MG dye in acidic pH using ZnS-CdS as a photocatalyst. Among the studied pH range, the electrostatic interaction between catalyst surface and dye molecule was maximum at 4 and hence all other experiments were performed at pH 4. 
Effect of pH
Literature review revealed that pH played a signifi cant role in the degradation and had shown variation in its effect for different ranges 2,4,26 . The samples at different pH were analyzed and percentage degradation of malachite green was found to be 60, 60, 72 and 56% at pH 2, 3, 4 and 5, respectively. Fig. 3 indicated that degradation of malachite green was greatly infl uenced by pH of the dye solution. The degradation effi ciency increased from 60 to 72% as a consequence of increase in pH from 2 to 4, respectively. The pH affected surface binding sites of the adsorbent (anionic dye solution) as well as the availability of the adsorbate compound (cationic photocatalyst). Malachite green, with anionic confi guration, showed favorable adsorption in acidic solution 27 . At acidic pH the photocatalyst surface was
Effect of initial dye concentration
The effect of dye concentration on the rate of the reaction of photocatalytic degradation was studied. It had been observed that on increasing the initial dye concentration from 10-100 mg/L, the degradation effi ciency after 90 minutes of irradiation was found to be 30, 32, 80 and 35% for dye solution of 10, 25, 50 and 100 mg/L, respectively. It can be observed that the degradation effi ciency has increased to maximum at 50 mg/L initial dye concentration and decreased with further increase. Initially, the catalyst surface area available helped to increase degradation effi ciency but with a further increase of dye concentration (above 50 mg/L) active sites of the catalyst were fully occupied by dye molecules and no space was available for OH
• radicals generation. The high concentration of dye would have acted as a fi lter for the incident light, which ultimately reduced degradation effi ciency 5, 30 .
Effect of catalyst loading
To determine the effect of catalyst loading on the reaction rate, several experiments were conducted at catalyst loading from 1.0-2.5 g/L (at optimum conditions of pH= 4 and dye concentration=50 mg/L). The degradation rate increased with increasing the loading of the photocatalyst up to 2 g/L (95% degradation) provid-ing large surface area for photodegradation. In general, the greater the amount of the photocatalyst, the higher the rate of reaction due to increased active sites of the photocatalyst 3,5 would be. However, at the same time more photocatalyst would also have induced greater aggregation, which resulted in the decrease in the surface area of the photocatalyst, making a signifi cant fraction of the catalyst to be inaccessible to adsorbing the dye 3, 5 . Besides this, the degradation rate constant decreased after an optimum value for the photocatalyst loading as in the concentration of dye, the opacity of dye solution also increased and UV radiation got scattered reducing the optical path. In these conditions, the penetration depth of the photon was decreased and fewer catalyst nanoparticles could be activated 5 .
Effect of H 2 O 2 concentration
UV irradiation of MG dye at optimum conditions (pH = 4, dye concentration= 50 mg/L and catalyst dose = 2 g/L) was carried out for 90 minutes using different concentrations of H 2 O 2 in the range 40-200 mL/L. H 2 O 2 produces highly reactive hydroxyl radicals, which were responsible for degradation of dye. The maximum removal effi ciency (99%) was obtained at 100 mL/L of H 2 O 2 concentration, and it slightly decreased above 100 mL/L because highly reactive hydroxyl radicals reacted with excess amount of H 2 O 2 and produced hydroperoxyl radicals (HO 2
• ) 6-7,31-32 , which were less reactive and ultimately inhibited the degradation 31 . The reaction mechanism is explained below: 
Effect of manganese doping
In order to study the effect of dopant on degradation effi ciency, photodegradation experiments were carried out in the presence of UV irradiation with doped catalysts for 90 minutes. The degradation effi ciency was found to be 97, 96 and 96% for Zn 1-x Mn x S, where x= 0.01, 0.22 and 0.3, respectively. Doping ions offered a way to trap electrons and/or holes on the surface or during interface charge transfer because of the different positions of the dopant in the host lattice. The semiconductor hole is a positively charged one and an electron acceptor. It is an oxidizing agent that, by virtue of its accepting electrons, is itself reduced in the process. The holes are generated from ZnS semiconductor due to illumination on its (catalyst) surface. These holes oxidise the Mn 2+ ion to higher oxidation state (n = +4, +6 and +7) ion (as per equations 1-4). Due to the loss of an electron, the resulting ion goes to a higher energy level and it becomes a strong oxidizing agent for dyes. As a result, in these conditions, apart from holes and hydroxyl radicals generated by photocatalyst, Mn ion (at higher oxidation state) also acts as an oxidizing agent and therefore, the rate of decolorization was found to be increased. But it was also found that with increasing the doping concentration, photodegradation effi ciency decreases because the increase in manganese ions will replace Zn ions in ZnS lattice structure and forms MnS, which will reduce the activity of trapping electrons/holes.
It was found that with increasing the doping concentration, photodegradation effi ciency decreased because the increase in manganese ions would replace Zn ions in ZnS lattice structure which would reduce the activity of the trapping electrons/holes 26 .
Kinetic studies and comparison among different processes
Degradation of MG was carried out using the optimum conditions (irradiation time of 90 minutes, pH=4, dye concentration=50 mg/L, catalyst loading=2 g/L, H 2 O 2 concentration=100 mL/L and doping concentration, x=0.01 Mn) for different combinations of processes (UV/ ZnS, UV/ZnS/H 2 O 2 and UV/Mn doped ZnS). The MG degradation was observed as a function of irradiation time and data were used for fi tting with different rate models. The fi tting with the fi rst-order-rate model; ln C/ C 0 versus time was ruled out as the plot was found to be curved. The linear plot of t/C versus time (equation 10) was found to match pseudo-second-order rate model 33 :
(10) Figure 4a . Pseudo-second-order kinetics of UV/ZnS process with inset showing fi rst order kinetics . Amongst the different processes, the combined process of UV/ZnS/H 2 O 2 showed the highest percentage degradation (Fig. 4(b) ) compared to the other processes used ( (Fig. 4(a) and 4(c) ). The rate constants for UV/ ZnS and UV/doped ZnS were found to be 0.031 min -1 and 0.073 min -1 , respectively. The application of both the oxidant (H 2 O 2 ) and photocatalyst enhanced the degradation rate and provided maximum degradation effi ciency (99%) and highest rate constant (1.62 min -1 ) value.
CONCLUSIONS
The study showed the potential of photocatalytic degradation in water purifi cation. Out of different processes employed, a signifi cant enhancement of the photocatalytic activity was observed in the system using a combination of oxidant and photocatalyst irradiation under UV light. Concentration of both the oxidant and the photocatalyst greatly infl uenced the degradation rate. Also, the process was observed to be strongly pH dependent. The degradation followed pseudo-second-order kinetics. Photodegradation could be a recommended approach for the treatment of wastewaters containing malachite green dye as pollutant. Keeping in view all the factors, it may be said that the combined system is an effi cient one amongst all other processes.
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